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ABSTRACT
We perform numerical simulations of clouds in the Galactic Centre (GC) engulf-
ing the nuclear super-massive black hole and show that this mechanism leads to the
formation of gaseous accretion discs with properties that are similar to the expected
gaseous progenitor discs that fragmented into the observed stellar disc in the GC. As
soon as the cloud hits the black hole, gas with opposite angular momentum relative
to the black hole collides downstream. This process leads to redistribution of angular
momentum and dissipation of kinetic energy, resulting in a compact gaseous accretion
disc. A parameter study using thirteen high resolution simulations of homogeneous
clouds falling onto the black hole and engulfing it in parts demonstrates that this
mechanism is able to produce gaseous accretion discs that could potentially be the
progenitor of the observed stellar disc in the GC. A comparison of simulations with
different equations of state (adiabatic, isothermal and full cooling) demonstrates the
importance of including a detailed thermodynamical description. However the simple
isothermal approach already yields good results on the radial mass transfer and ac-
cretion rates, as well as disc eccentricities and sizes. We find that the cloud impact
parameter strongly influences the accretion rate whereas the impact velocity has a
small affect on the accretion rate.
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1 INTRODUCTION
Observations reveal an interesting feature in our Galactic
Centre (GC): one (Lu et al. 2009) or two (Genzel et al. 2003;
Ghez et al. 2005; Paumard et al. 2006; Bartko et al. 2009)
sub-parsec-scale rings of young stars near the radio source
SgrA* which cannot be explained by normal means of star
formation due to the hostility of the environment. Tidal
forces would disrupt typical molecular clouds in the vicinity
of the central black hole, preventing their normal condensa-
tion into stars due to the self-gravity induced collapse of the
cloud.
Observations find around 100 young and massive stars
distributed in a warped clockwise rotating disc/ring and a
second inclined counter-clockwise rotating disc/ring, the ex-
istence of which is still a matter of debate (Lu et al. 2009).
The observed outer edge of the system is at around 0.5 pc.
This estimate is still increasing due to the addition of newly
observed stars belonging to the disc structure. The inner
edge is at around 0.04 pc (Genzel et al. 2003). The mean
eccentricity of the clockwise rotating system is measured to
be 0.34 ± 0.06 (Bartko et al. 2009).
The currently most plausible formation scenario
postulates that the stellar rings formed by frag-
mentation of self-gravitating (in some cases eccen-
tric) accretion discs (Poliachenko & Shukhman 1977;
Kolykhalov & Syunyaev 1980; Shlosman & Begelman 1987;
Rice et al. 2005; Alexander et al. 2008 and first applied to
our GC in Sanders 1998; Levin & Beloborodov 2003). These
studies concentrated mainly on the fragmentation of an al-
ready existing accretion disc. The question how these discs
formed in the first place has only recently been discussed,
e.g. by Wardle & Yusef-Zadeh (2008), Mapelli et al. (2008),
Hobbs & Nayakshin (2009) and Bonnell & Rice (2008). In
their models, reviving the origin of the stars from a molec-
ular cloud, the accretion discs are built up by the rapid
deposition of gas around the central black hole through the
infall and tidal disruption of a gas cloud. However, here the
problem arises that a gas cloud that most likely formed far
from the GC where tidal forces are inefficient must be placed
on an orbit with a close passage around the black hole.
Furthermore, the cloud should not be disrupted by
internal star formation processes before encountering the
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black hole. Mapelli et al. (2008), Hobbs & Nayakshin (2009)
and Bonnell & Rice (2008) studied the formation of a
disc by a cloud or clouds passing the central black hole
at some distance larger than the cloud radius. However,
Wardle & Yusef-Zadeh (2008) showed that it is very un-
likely for a cloud to be captured by the black hole with-
out engulfing it during the encounter, as only a small set
of initial parameters would lead to such an event. Thus
Wardle & Yusef-Zadeh (2008) proposed a model in which
the infalling cloud covers the black hole in parts during its
passage. This process efficiently redistributes angular mo-
mentum through the collision of material streaming around
the black hole with opposite angular momentum, finally re-
sulting in a compact accretion disc. A related scenario for the
effective cancellation of angular momentum has also been
simulated by Hobbs & Nayakshin 2009, who studied the col-
lision of two clouds with opposite angular momentum close
to the GC black hole.
In this first paper we elaborate on this scenario and
study direct encounters of gas clouds with the central black
hole in detail using high-resolution numerical simulations.
We focus on the resulting gaseous disc properties for cloud
impact parameters that match the Milky Way GC. The re-
sulting gas disc could then be the progenitor of the observed
stellar disc. Clearly, a potential caveat is the fact that the
GC stellar disc is already many orbital periods old and
could have undergone substantial secular dynamical evo-
lution (see e.g. Ulubay-Siddiki et al. 2009; Lo¨ckmann et al.
2009; Madigan et al. 2009). Arguments have however also
been presented that the observed stellar disc properties
are more or less set by the initial gaseous disc proper-
ties (Alexander et al. 2007; Cuadra et al. 2008). The esti-
mated mass of the gaseous disc that formed the stars is ex-
pected to be around 104−5 M⊙ (Nayakshin & Cuadra 2005;
Nayakshin et al. 2006). Some fraction of the disk might have
been accreted onto the central black hole. Note, that here,
we are not focusing on this long term viscous evolution of
the resulting accretion disc which we are in any case unable
to follow and resolve with our current numerical scheme. In-
stead we focus on the formation of the initial gaseous disc
resulting from the collision of the cloud with the black hole.
In a follow-up paper we will discuss fragmentation and star
formation inside the accretion disc.
This paper is structured as follows. In Section 2 we
present a motivation for our model. In Section 3 the nu-
merical method and the initial setup of the model are pre-
sented. The main results as a function of varying impact
parameters, initial cloud velocities and different equations
of state are presented in Section 4. Finally, we summarise
and discuss our findings in Section 5. In the appendix, code
tests to demonstrate the numerical stability of our results
are presented.
2 MOTIVATION
In order to motivate our model we consider a cloud (mod-
elled as a homogeneous sphere of gas) on an arbitrary Ke-
plerian orbit around the black hole. We define d0 to be the
initial distance of the cloud from the black hole, v0 to be the
initial absolute cloud velocity with respect to the stationary
black hole, α to be the angle between the radial vector and
Figure 1. Coordinate system used to calculate the cloud angular
momentum. We define d0 to be the distance from the black hole to
the cloud, v0 to be the initial absolute cloud velocity, α to be the
angle between radial vector and velocity vector and rcl to be the
cloud radius. Lmax is the point with largest angular momentum
and Lmin the point with the smallest angular momentum (as long
as the cloud is not engulfing the black hole).
vcloud [km/s]
Nengulf
Nbypass
Nengulf
Ntotal
Nbypass
Ntotal
20 2.75 2.17 % 0.79 %
30 - 0.75 % 0 %
50 - 0.006 % 0 %
80 - 0 % 0 %
Table 1. Likelihood of the two scenarios of a cloud bypassing
or engulfing the black hole during passage, calculated for values
suited for the Milky-Way GC. For a low cloud velocity of 20 km/s
it is around three times more probable that a small disc will
be formed by a cloud engulfing the black hole than by a cloud
bypassing the black hole. For higher velocities a bypassing cloud
is no longer able to form a small disc at all. In the case of a high
velocity cloud of 80 km/s neither of the two scenarios is able to
produce a small disc.
the velocity vector and rcl to be the cloud radius (see Figure
1). In addition we define the plane opened by the radial vec-
tor and the velocity vector to be the xy-plane in Cartesian
coordinates. We also restrict ourselves to α = 0 - π
2
due to
symmetry.
The minimum/maximum angular momentum of the
cloud is then given by the points on the cloud-surface in
the xy-plane for which the velocity vector is tangential to
the cloud surface (Lz,min will only be the minimum angu-
lar momentum as long as the cloud is bypassing the black
hole). The z-components of the specific angular momentum
for these points are:
Lz,min = +v0(rcl − sin(α)d0) (1)
Lz,max = −v0(rcl + sin(α)d0) (2)
All parts of the cloud will have the same direction of
rotation if the sign of Lz,min is equal to the sign of Lz,max.
Otherwise, a part of the cloud will rotate in the opposite
direction. Since all quantities are larger than zero, the sign
c© 2010 RAS, MNRAS 000, 1–18
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of Lz,min is given by the term rcl−sin(α)d0. If this term be-
comes negative the whole cloud will bypass the black hole,
if it becomes positive parts of the cloud will engulf the black
hole (and now Lz,min represents the maximum angular mo-
mentum of the counter-rotating part of the cloud). Both of
these scenarios can lead to the formation of an accretion
disc.
In general, a clump of gas coming from infinity can still
be captured by a black hole due to dissipation of its ki-
netic energy induced by the gravitational interaction with
the black hole. Shearing along the path of infall and tidal
compression leads to colliding flows inside the clump close
to the black hole. This effectively turns kinetic energy into
thermal energy and thus reduces the cloud velocity. This
way a previously unbound cloud can become bound to the
black hole. However, angular momentum needs to be con-
served. As long as the cloud stays on an eccentric orbit, tidal
forces will lead to dissipation of kinetic energy during every
pericentre passage until the cloud finally ends up on a cir-
cular orbit with the same angular momentum as initially.
By comparing the angular momentum of a circular orbit to
the initial angular momentum we can therefore calculate the
radius of the final circular disc. Using Lz,max we get:
rdisk =
v20(rcl + sin(α)d0)
2
GMBH
(3)
In order to estimate the likelihood of a cloud bypassing
or engulfing the central black hole and thus forming the ob-
served stellar disc we restrict our parameters to values suited
for the Milky-Way GC. We take d0 to be in the range of 5
- 50 pc and uniformly distributed. Here 5 pc corresponds to
the centre of the circum-nuclear disc (Vollmer et al. 2003), a
reservoir of clumpy, molecular gas (around 105 M⊙) which
is the first substantial source of gas near the black hole.
Following Vollmer et al. 2003 we restrict the source of our
clouds to be within the central 50 pc region. We already re-
stricted α to 0 - π
2
and assume a Gaussian distribution in α
centred on π
4
since it should be very unlikely that a cloud
is on a direct radial orbit towards the black hole or that it
originates exactly from the apocentre of an elliptic orbit. For
the cloud velocity we take fixed values of 20, 30, 50 and 80
km/s.
We restrict the cloud radius rcl to be in the range be-
tween 1.8 - 10 pc, which is motivated as follows. Based on a
GC region survey, Miyazaki & Tsuboi 2000 were able to de-
rive the distribution of molecular cloud sizes to be dN/drcl ∼
r−4cl which spans a range between 10 pc and their resolution
limit of 3.3 pc. Taking into account the total molecular gas
of 108 M⊙ in the inner 500 pc (Gu¨sten & Philipp 2004),
the observed number of clouds of 160 and a mean cloud
mass of 105 M⊙, we find that there should be roughly an
additional 1000 clumps of 105 M⊙. We note that the re-
quired mass in the gaseous disc that formed the observed
stellar disc is around 105 M⊙ (Nayakshin & Cuadra 2005;
Nayakshin et al. 2006). Thus the smallest cloud radius, if
we assume the distribution dN/drcl ∼ r
−4
cl to be still valid,
should be around 1.8 pc. However, this assumption will
strongly overestimate the number of small clouds at the
rather high mass of 105 M⊙. Our aim is to show that it
is more likely that a cloud engulfs the black hole forming
the observed stellar disc than just bypassing it. Since small
clouds are more likely to bypass the black hole we overesti-
mate the amount of bypassing clouds this way. In addition,
since e.g. a cloud of 10 pc radius cannot start at a distance
d0 smaller than 10 pc, we also assume the upper limit on rcl
to be 3.5 pc at the smallest distance d0,min (d0,min - 3.5 pc
gives roughly the inner edge of the circum-nuclear disc at
1.5 pc) increasing linearly up to the maximum of 10 pc at
the largest distance d0,max. We note that we exclude a num-
ber of possible formation scenarios such as the formation of
a small disc by capturing only part of a larger cloud or the
possibility of a small stellar disc formed by a large accretion
disc only fragmenting in the inner parts. Thus, the discus-
sion presented in this section only gives a rough estimate for
the likelihood of such an event. A detailed study including
hydrodynamics and also other formation models such as the
plausible cloud-cloud collision model of Hobbs & Nayakshin
2009 is beyond the scope of this paper.
We use a Monte-Carlo approach to sample values from
the corresponding distributions, calculate the corresponding
outer disc radius and check if the cloud would bypass or en-
gulf the black hole. Tests have shown that convergence in the
first three digits after the decimal is reached after roughly
108 iterations. We define Nengulf and Nbypass to be the total
number of cases that lead to a small disc (rdisk < 0.6 pc) out
of the total number of 108 values. The ratio Nengulf/Nbypass
for different cloud velocities determines the likelihood of the
two scenarios. The ratio Nengulf,bypass/Ntotal gives the abso-
lute likelihood of the individual scenarios.
Table 1 summarises the results. For cloud velocities
larger than 20 km/s the bypassing scenario is not able to
form a small disc at all. For the 20 km/s cloud it is still al-
most three times more likely that the disc was formed by a
cloud engulfing the black hole instead of a bypassing cloud.
At velocities of 30 km/s or higher only a cloud engulfing
the black hole during passage is able to form a small disc.
The most prominent observed cloud near the GC has a ve-
locity of 50 km/s. For higher cloud velocities such as 80
km/s neither of the two scenarios can produce a small disc,
which limits the velocity of the original cloud that could
have formed the observed disc to below 80 km/s. The re-
sults can be explained by the fact that for the engulfing
scenario we can have smaller impact parameters and thus
lower maximum angular momentum compared to the by-
passing scenario. Thus even a rather large cloud can lead to
a small disc. With this we conclude that it is very likely that
the cloud that formed the progenitor gaseous accretion disc
of the observed stellar disc, engulfed the black hole during
its passage through the very centre of the galaxy.
3 MODEL AND NUMERICAL METHOD
3.1 Simulation Code
The hydrodynamical evolution of the impact of the gas
cloud with the central black hole is studied using simula-
tion runs performed with the N-body Smoothed Particle
Hydrodynamics (SPH) Code Gadget2 (Springel 2005). The
code solves the Euler equations for hydrodynamics which
neglect friction. To enable friction, Gadget2 uses a mod-
ified version of the standard Monaghan, Gingold; Balsara
(Gingold & Monaghan 1983; Balsara 1995) artificial viscos-
ity:
c© 2010 RAS, MNRAS 000, 1–18
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Πij = −
α
2
(ci + cj − 3wij)wij
ρij
(4)
with wij = ~vij · ~rij/|~rij |, ci being the sound speed of
particle i, vij , rij the relative particle velocity and separa-
tion respectively, ρij the mean density and α the artificial
viscosity strength parameter.
The modification is necessitated, as the original form
weights viscous forces strongly towards particles with small
separation. In the new formulation the induced pressure does
not explicitly depend on the hydro-smoothing length or par-
ticle separation. Tests have shown that in simulations with
dissipation this has the advantage of reducing very large vis-
cous accelerations (Springel 2005). Gadget2 also includes an
additional viscosity-limiter to remove spurious angular mo-
mentum transport. This is implemented by using the mech-
anism proposed by Balsara (1995) which adds a factor (fi +
fj)/2 to the viscosity tensor, where
fi =
|∇ × ~v|i
|∇ · ~v|i + |∇ × ~v|i
(5)
measures the shear around particle i.
It has been shown that the standard SPH artificial vis-
cosity produces a significant shear viscosity in rotationally-
supported discs, leading to spurious transport of angular
momentum and that numerical dissipation is almost never
negligible and can be dominant (Balsara 1995; Murray 1996;
Lodato & Rice 2004; Nelson 2006). Thus we performed sta-
bility tests as shown in the Appendix to demonstrate that
the above modifications are sufficient to make our results
numerically stable and that we are not dominated by nu-
merical viscosity. For our standard simulations we used a
value of α = 0.75. The tests shown in the Appendix A1 vary
α in the range between 0.5 - 1.0 which is the suggested range
suited for numerical simulations (Springel 2005).
Springel 2005 conducted a number of tests to show that
Gadget2 is able to resolve strong shocks. The main difference
of SPH codes compared to grid based codes is that droplets
of gas which form during shocks can survive rather long and
do not mix as efficiently with the background material as in
grid codes (see e.g. Steinmetz & Mueller 1993; Agertz et al.
2007). This is due to the fact that in SPH the forces at
the edges between two phases are smoothed out since there
are always contributions from both SPH particles inside the
clump and from SPH particles in the surrounding medium.
In order to carefully account for the thermodynamics
of disc formation, we implemented the cooling formalism
of Stamatellos et al. (2007) into Gadget2. It approximates
cooling processes for optically thin, as well as optically thick
regions by applying a approximative radiative transfer mech-
anism using the diffusion approximation. The basic equation
determining the cooling rate is given by:
du
dt
=
4σ
SB
(T 4
0
− T 4)
Σ¯2 κ¯
R
(ρ, T ) + κ−1P (ρ, T )
(6)
with T0 the background radiation temperature, T and ρ
the particle temperature and density, Σ¯ the pseudo-mean
surface-density, κ¯
R
the pseudo-mean opacity and κ
P
the
Planck-mean opacity. We refer to Stamatellos et al. (2007)
for the definition and interpretation of the pseudo-mean
surface-density and the pseudo-mean opacity, which are cru-
cial for their method in approximating radiative transfer (see
Equations 18 and 23 in Stamatellos et al. 2007).
The method uses the particle density, temperature and
gravitational potential to estimate a mean optical depth for
each SPH particle which then regulates its heating and cool-
ing. For a small optical depth, Eqn. 6 reduces to the usual
cooling term for the optically thin cooling regime.
du
dt
≃ −4σ
SB
T 4κ
P
(ρ, T ) (7)
For a large optical depth, Eqn. 6 reduces to the diffusion
approximation (see Eqn. 27 and 28 in Stamatellos et al.
(2007)).
At each timestep the following steps are undertaken:
• Approximate the mean optical depth of the environ-
ment of each SPH particle by using the density and grav-
itational potential following the procedure as described in
Stamatellos et al. (2007). In the case of non-SPH particles,
exclude them from the gravitational potential calculation.
• Calculate the compressive heating rate and radiative
cooling rate. In the case of T < T0 we have radiative heating
instead of cooling.
• Update the internal energy and temperature of each
SPH particle according to the total change in heating plus
cooling.
In this cooling formalism the molecular weight is tem-
perature dependent, taking into account the degree of dis-
sociation and ionisation of hydrogen as well as the degree of
single and double ionisation of helium. The specific internal
energy of an SPH particle is the sum of contributions from
molecular, atomic and ionised hydrogen as well as the con-
tributions from atomic, single and double ionised helium to-
gether with the associated dissociation energies. The method
is suited for a wide range of temperatures (T = 10 - 106 K), a
wide range of densities (ρ = 10−19 g/cm3 - 10−2 g/cm3) and
optical depths in the range of 0 < τ < 1011 as shown in tests
performed by Stamatellos et al. (2007). The additional com-
putational overhead for this method is not too high, since it
can primarily be implemented through look-up tables and
requires only a few real-time calculations.
3.2 Numerical Parameters
The simulations are run with a total number of 106 SPH
particles. To test the resolution dependence of our results
we did one very high resolution simulation with 5×106 SPH
particles presented in the Appendix A2. The number of SPH
neighbours is set to nneigh = 50 ± 5. All simulations use a
gravitational softening length of ǫ = 10−3 pc. In what fol-
lows we only discuss the gravitational softening length since
the code only allows to change this value directly and sets
the minimum hydro-smoothing length to a fraction of this
value. In our case we choose the minimum hydro-smoothing
length to be equal to the gravitational softening length ac-
cording to Bate & Burkert 1997. We use the standard Gad-
get2 implementation of a fixed gravitational softening length
and a variable hydro-smoothing length, thus the gravita-
tional softening length is always ǫ = 10−3 pc. The softening
length strongly influences the simulation runtime, with a
lower value leading to a longer runtime. To test the depen-
dence of our results on softening length we performed test
simulations with a softening length of ǫ = 10−4 pc. The
outcome of this test is presented in the Appendix A3.
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In order for the simulations not to become too time-
consuming as a result of very small particle time steps in
the vicinity of the black hole we define an accretion radius
racc within which all SPH particles are considered to be
accreted by the black hole. These particles are removed from
the simulation and will no longer take part in the dynamical
evolution. The fixed-position sink is not associated with a
particle. This mechanism does not strictly conserve linear or
angular momentum, but due to the small amount of accreted
gas (at most 1% of the black hole mass) the violation of
angular momentum conservation is negligible.
We want the accretion radius racc to be larger than the
softening length of 10−3 pc and smaller than the observed
inner disc edge of 4×10−2 pc. Test simulations showed that
a value of racc = 2 × 10
−2 pc allows us to simulate the
encounter within a reasonable total runtime such that the
whole cloud has passed the black hole and an compact ac-
cretion disc has formed.
We investigate three different types of simulations. The
first type of simulations are purely adiabatic simulations
with cooling only due to adiabatic expansion. The second
type of simulations are isothermal simulations and finally,
representing the most realistic case, we performed simula-
tions using the full cooling prescription of Stamatellos et al.
(2007) presented in section 3.1.
3.2.1 Adiabatic simulations
Using the ideal gas approximation we have an equation of
state of P = ρkBT
µmH
with ρ, T gas density and temperature
respectively, kB the Boltzmann-constant, mH the hydrogen
mass and the molecular weight µ = 2.35 assuming a mix-
ture of 70% hydrogen and 30% helium (molecular). The ini-
tial temperature is set to Tcloud = 50 K which is a typical
temperature for a cloud in the GC (Gu¨sten & Philipp 2004).
3.2.2 Isothermal simulations
The isothermal simulations represent the case for which
cooling is balanced by heating. Given our assumed low
temperatures, it corresponds to very efficient cooling. The
isothermal simulations use an equation of state of P = c2sρ
with ρ the gas density and cs the sound speed of the gas,
calculated initially by using c2s =
kBT
µmH
. Again the initial
temperature is set to 50 K.
Heating and cooling processes in the disc will how-
ever play an important role when investigating the frag-
mentation and condensation of the disc into stars (see e.g.
Bonnell & Rice 2008). Observations have shown that the
stellar disc IMF is very top-heavy (Bartko et al. 2010), in-
dicating that a large Jeans-mass is required for the forming
stars, which in term implies that cooling should not be too
efficient. On the other hand the temperatures have to re-
main low enough for the system to form. If compressional
heating becomes too efficient the strong expansion of the gas
prevents the formation of the accretion disc, as our purely
adiabatic simulations show.
ID b
rcl
v0
vb
v0 [km/s] b [pc] jspecific [
pc2
Myr
]
I01 0.28 0.29 50 1 50
I02 0.57 0.41 50 2 100
V01 0.85 0.3 30 3 90
V02 0.85 0.5 50 3 150
V03 0.85 0.8 80 3 240
V04 0.85 1.0 100 3 300
C01 0.57 0.98 120 2 240
Table 2. Summary of initial conditions for our simulations. The
cloud velocity is varied for V01, V02, V03 and V04. The impact
parameter is varied for I01, I02 and V02. C01 is a comparison
setup with the same initial specific angular momentum (jspecific)
as V03.
3.2.3 Full Cooling simulations
Our third set of simulations uses the full cooling prescription
of Stamatellos et al. (2007) presented in section 3.1. The
ideal gas approximation is used again, assuming initial cloud
temperature Tcloud and background radiation temperature
T0 (due to the old spherical cluster of stars near the GC) to
be 50 K. The molecular weight is a function of temperature
and takes into account the processes described in section
3.1.
3.3 Initial Conditions
In this first study we start with a spherical and homoge-
neous cloud of radius 3.5 pc which is typical for the GC
(Miyazaki & Tsuboi 2000, derived from CS(1-0) radio sur-
veys). The H2 gas density is 10
4 cm−3 (Gu¨sten & Philipp
2004, taken from high-resolution surveys of CS and CO in
the GC), leading to a cloud mass of 8.81 × 104 M⊙. The
SPH particle mass is then mSPH = 8.81 × 10
−2 M⊙ and
the corresponding minimum mass that can be resolved is
mmin = nneigh×mSPH = 4.4 M⊙ (following Bate & Burkert
1997).
The black hole is included as a static potential of a
point mass of MBH = 3.5 × 10
6 M⊙ (Genzel et al. 2003)
placed at the origin of the coordinate system. We do not in-
clude black hole growth in order to speed up the simulations.
This growth is anyhow negligible since at most only around
one percent of the black hole mass was accreted at the end.
Energetic feedback from the accreting black hole, (see e.g.
Johansson et al. 2009) might however be important and will
be investigated in a subsequent paper. The Gadget2 Code
treats gravitational forces as Newtonian up to 2.8 times the
gravitational softening length, which in any case is beyond
our accretion radius for the softening length.
Initially, the centre of mass of the cloud is placed at
a distance dx0=5 pc from the origin/black hole on the x-
axis (the direction of motion) and an offset b on the y-axis.
Note that compared to the coordinate system used in the
motivation (Sec. 2) where we defined the x-axis to be along
the line connecting the centre of the cloud with the black
hole, we now define the x-axis to be parallel to the cloud
velocity vector passing through the coordinate origin/black
hole position. This way the cloud to black hole distance d0
defined in the motivation section relates to dx0 and b by
d20 = b
2 + d2x0.
c© 2010 RAS, MNRAS 000, 1–18
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We have chosen this relatively small distance in order
to prevent the cloud from collapsing before it reaches the
black hole. Additionally this is also the distance of the so
called circum-nuclear disc (a reservoir of clumpy, molecular
gas of around 105 M⊙) from the GC (Vollmer et al. 2003)
for which there is evidence for infall of gas towards the GC
(Montero-Castan˜o et al. 2009). The origin of gas with low
enough angular momentum to feed the GC in general (e.g.
King & Pringle 2007) is still an area of active research and
beyond the scope of this paper.
The free fall time of a cloud with n = 104 cm−3 is
only around 0.36 Myrs. For an average infall velocity of 50
km/s the cloud’s centre of mass should reach the black hole
after roughly 0.1 Myrs (assuming no acceleration due to the
black hole). The evolution is characterised by the fraction
b
rcl
where rcl is the cloud radius and b is the initial cloud’s
centre of mass offset on the y-axis. b
rcl
is always smaller than
one in our case of a cloud engulfing the black hole.
The initial cloud velocity v0 in (negative) x-direction
is a typical value, taken from the observations presented by
Miyazaki & Tsuboi (2000). The evolution is then charac-
terised by the ratio v0
vb
where v0 is the initial cloud velocity
and v2b =
2GMbh
b
is the black hole’s escape velocity at dis-
tance b. The initial conditions of our parameter studies are
shown in Table 2.
Three setups (I01, I02, V02) use a fixed initial cloud
velocity of 50 km/s and varying offsets b, set to 1, 2 and 3
pc, respectively. In addition there are four setups (V01, V02,
V03, V04) with b fixed to 3 pc and varying initial cloud ve-
locities, set to 30, 50, 80 and 100 km/s, respectively. The
comparison setup C01 has the same initial specific angu-
lar momentum as V03 but a smaller impact parameter and
higher velocity.
We do not include the potential of the massive stellar
cusp in the GC (Genzel et al. 2003) into our simulations
which would lead to precession of the orbits on a time-scale
that is short compared to the infall time (Ivanov et al. 2005).
In this first step we only concentrate on the dynamics due to
the black hole cloud interaction and postpone investigation
of the effects of including the stellar cusp to the next paper
in our series.
The simulations were typically run for an evolutionary
time of 0.25 Myrs which corresponds roughly to the instant
when all parts of the cloud have crossed the black hole. Tak-
ing into account that disc formation is finished after roughly
0.15 Myrs, when the disc becomes almost static, we evolve
the disc for a bit less than 2 full orbits at a radius of 1 pc.
During this short time period, viscous evolution does not
play any significant role.
Only simulation I01 was stopped already after 0.2 Myrs.
At that time, due to the small impact parameter, the time
step became very small making the simulation very time-
consuming and too expensive to continue. Again we want
to stress that in this paper we are only interested in the
resulting gaseous disc properties directly after the collision
with the black hole without following the viscous evolution
of the accretion disc and we defer the study of fragmentation
and star formation to a follow-up paper.
Figure 3. Evolution of total thermal energy as a function of
time for the two adiabatic simulations, which increases nearly four
orders of magnitude. This is already comparable with supernova
energies of typically around 1051 erg. Shown are the cases for
initial condition V01 (red, solid line) and V04 (blue, dotted line).
4 RESULTS
4.1 The Adiabatic Case
The first simulations we present are purely adiabatic without
cooling and use initial conditions V01 and V04, which differ
only in initial cloud velocity with 30 km/s for V01 and 100
km/s for V04. The resulting densities in units of
M⊙
pc3
in the
xy-plane for z=0 pc at the end of the simulations (t=0.25
Myr) are shown in Figure 2. All velocity vectors are set to
the same length and thus only represent the corresponding
local direction of the velocity field.
The gas is strongly spherically expanding as a result
of the heating due to adiabatic compression during the ini-
tial impact. This mechanism basically completely prevents
the formation of a disc. Only an extended ring-like struc-
ture evolves inside the inner 5 pc as seen in Figure 2. A
huge bubble of hot gas with a radius of roughly 30 pc forms
around the ring which is still expanding at the end of the
simulation.
Figure 3 shows the increase in thermal energy over time
for both simulations. The thermal energy for the 100 km/s
cloud rises by a larger amount compared to the 30 km/s
cloud as expected due to the stronger shocks. At a later point
the expanding gas starts to cool because of adiabatic expan-
sion. Since there is more gas initially bound to the black hole
in the case of the 30 km/s cloud, more material is still in
the centre and thus shocks inside the surviving ring gener-
ate more heat compared to the faster cloud. The final energy
can rise up to several times 1051 erg and becomes compa-
rable with supernova energies of typically 1051 erg. From
this we conclude that if cooling becomes too inefficient, the
interaction of a cloud with the central super-massive black
hole will lead to an explosion and the formation of a hot,
expanding bubble with energies comparable to supernova
explosions. However this is a very unlikely scenario since
high gas-densities typically lead to strong cooling.
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Figure 2. Logarithmic density in units of
M⊙
pc3
in the xy-plane with z=0 pc for purely adiabatic simulations using initial conditions
V01 (a) and V04 (b) shown at the final time step of t=0.25 Myrs. Velocity vectors are all set to the same length and only indicate the
local direction. Clearly visible in (a) and (b) is the spherically expanding shell of gas due to the strong adiabatic heating. In addition,
an extended ring of gas formed in the inner 5 pc around the black hole.
Figure 5. A zoom-out of the logarithmic density plot from Figure
4f in units of
M⊙
pc3
in the xy-plane with z=0 pc. Velocity vectors
again only indicate the local direction, all vectors are set to the
same length. Clearly visible is the escaping part of the cloud in
the lower-left part of the plot, as well as material still falling onto
the accretion disc.
4.2 The Isothermal and Full Cooling Cases
We used initial conditions I02, V01, V02, V03 and C01 for
the isothermal and the full cooling cases. As already men-
tioned, I01 is a very time-consuming setup and we have
only run this setup for the computationally faster isothermal
case.
4.2.1 The Isothermal Case
From a simulation standpoint an isothermal equation of
state is easy to implement and thus a good starting point
in a number of cases. Judging from our results in this case
compared to the more realistic case using the full cooling
prescription we can say that at least some results can al-
ready be obtained with the isothermal approximation. Still
one has to keep in mind that there are problems with the
isothermal approach, which we will show in the following
sections and which we already mentioned in section 3.2.2.
First we note that with an isothermal equation of state
fragmentation is artificially enhanced because of our ex-
tremely low temperatures. However, we do not yet include
star formation and are only interested in the properties of
the forming gaseous disc. Another point is that in all isother-
mal simulations, the SPH particles in the inner 0.1 pc reach
the minimum softening length so that we are limited by nu-
merics in this region and the physics is not resolved due to
the strong softening over the forces and thus we cannot make
any reliable predictions about the disc properties here.
The time evolution of surface density of the discs in the
xy-plane in the isothermal case is very similar to the full
cooling case (as shown for C01 in Fig. 6) we will present
next. However the isothermal discs are very flat in the z-
direction due to the low temperature in comparison to the
full cooling discs. Because of this the evolution of density in
the xy-plane for z=0 pc differs for the isothermal and full
cooling discs, with the full cooling discs obviously showing
lower densities. Still the evolution and general shape of the
forming disc as presented for the full cooling case in the next
section can also be taken as representative for the isothermal
discs.
4.2.2 The Full Cooling Case
The time evolution of density in units of
M⊙
pc3
in the xy-plane
(z=0 pc) for initial condition C01 can be seen in Figure
4 for the cooling case. Velocity vectors are all set to the
same length and only represent the local direction in the
xy-plane. We have chosen to show C01 (cloud velocity of
120 km/s and impact parameter of 2 pc) since it represents
an extreme case in which nearly no gas is bound to the black
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Figure 4. Logarithmic density in units of
M⊙
pc3
in the xy-plane with z=0 pc at different times using initial condition C01 with cooling
enabled. Velocity vectors are all the same length and only indicate local direction. Gas rotates around the black hole from opposite
directions and collides, leading to a high density region along the line of impact between the two streams. The high density region seen
in b,c,d along the negative x-axis is created by material with a large initial distance in z-direction, concentrated into the z=0 pc plane.
Global rotation is counter-clockwise due to the initially larger amount of gas on counter-clockwise orbits, however due to the interaction
at the high density region more gas becomes bound to the black hole than expected from the initial setup. C01 represents an extreme
case in which there should be nearly no gas bound to the black hole at all. Thus, the formation of an accretion disc supports our proposed
mechanism.
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Figure 6. A comparison of the surface-density in units of
M⊙
pc2
in the xy-plane for the full cooling case (a) and the isothermal case (b)
at the final timestep of 0.25 Myrs using initial condition C01. Both discs are very similar in terms of size and shape. As expected the
isothermal disc shows stronger signs of condensation compared to the hotter disc from the full cooling simulation.
hole initially due to the high cloud velocity. Nonetheless, we
form a gaseous accretion disc around the black hole at the
end of the simulation.
After starting the simulation, the cloud approaches the
black hole from the right hand side along the x-axis. Due to
tidal forces the parts closest to the black hole quickly start
to form a finger-like extension stretching towards the black
hole located at the coordinate origin as seen in Figure 4a.
The gas passes the black hole on orbits corresponding
to its initial angular momentum. 12000 yrs later (Figure 4b),
this material begins to collide with gas streaming around the
black hole from the opposite side. This leads to a high den-
sity region along the line of impact between the two streams.
The high density region along the negative x-axis, as seen
in Figures 4b,c and d, is created by material with a large
initial distance in z-direction, concentrated into the z=0 pc
plane.
Due to the larger amount of gas initially rotating
counter-clockwise the overall rotation follows this direction,
but the interaction with the clockwise rotating gas removes
kinetic energy and lowers the angular momentum, forcing
the gas on bound orbits or to fall directly into the black
hole. This bound gas builds up the accretion disc as seen in
Figures 4d,e.
The simulation was stopped after 0.25 Myrs when the
cloud passed around the black hole. An inner gaseous accre-
tion disc has formed at that time. This evolutionary state is
shown in Figure 4f. Figure 5 shows a larger region around
the final state shown in Figure 4f. Clearly visible is the es-
caping part of the cloud below -10 pc on the x-axis and at
around -10 pc on the y-axis, as well as material still falling
onto the accretion disc.
In general other initial conditions show similar be-
haviour as described above. They differ in the amount of
gas which is already bound to the black hole initially due to
lower cloud velocities and thus lead to more massive discs.
For larger impact parameters the amount of gas on clockwise
orbits is smaller and thus the interaction inside the region
ID Macc,exp1 Macc,iso
1 Macc,cool
1
I01 2.45 40.07 -
I02 2.10 11.90 13.03
V01 3.14 4.72 5.27
V02 1.26 2.51 2.71
V03 0.50 1.57 1.76
C01 0.37 11.32 11.85
1All masses in units of 103 M⊙
Table 3. The accumulated mass Macc,exp on orbits within the
accretion radius as expected from the initial conditions com-
pared with the result Macc,iso for the isothermal simulations and
Macc,cool for the full cooling simulations after the final time step
of t=0.25 Myrs. The isothermal simulation using initial condition
V03 without artificial viscosity presented in Figure 7 accreted
a mass of 0.49 × 103 M⊙ at the final time step of t=0.25 Myrs
compared to 0.5 × 103 M⊙ expected from initial conditions. This
clearly demonstrates that the large difference in expected accreted
mass to actual accreted mass in the table is due to the interaction
of the two streams of gas around the black hole which does not
happen in the special simulation without artificial viscosity.
where the counter-rotating streams collide is not as strong
as in the cases with smaller impact parameter. This can also
be seen when we discuss accretion later in section 4.4. Cloud
velocity determines the final rotation of the resulting discs
semi-major axis with respect to the x-axis in the xy-plane.
For a 50 km/s cloud the semi-major axis aligns directly with
the x-axis, whereas for a 80 km/s cloud it is rotated towards
the negative y-axis and for a 30 km/s cloud towards the
positive y-axis.
4.3 Eccentricity and Mass Distribution
In order to derive the mass fraction which is bound to the
black hole, we calculate the orbital structure of the gas by
using eccentricity
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Figure 7. Comparison of the distribution of mass onto orbits of different eccentricity (a) and semi-major axis distribution (b). The black
(dash-dotted) line in (a) shows the expected distribution from initial condition V03. Particles with e > 1 are not bound to the black hole,
indicated by the grey background. The red (solid) line shows an isothermal simulation without artificial viscosity using initial condition
V03 at the final time step of t=0.25 Myrs. In this run there are no large pressure gradients during the simulation so that the change in
mechanical energy and eccentricity is small. The final distribution thus approximately reflects the initial conditions. The blue (dotted)
curve shows the same simulation (isothermal and using initial condition V03) at t=0.25 Myrs with artificial viscosity now turned on.
In this case significantly more mass settles into closed, more circular orbits than expected from the initial conditions. In (b) the black
(dash-dotted) line represent the distribution of mass onto orbits with different semi-major axis for initial condition V03, compared to
the isothermal (blue, dotted) and full cooling case (green, dashed) at the end of the simulations. A significant amount of gas settles
into orbits very close to the black hole. Table 5 summarises the cancellation of angular momentum which leads to the formation of the
compact (semi-major axis < 1pc) disc.
ID Mbnd,ini
1 Mbnd,iso
1 Mbnd,cool
1
I01 88.10 48.03 -
I02 88.10 76.20 85.20
V01 88.10 83.37 82.82
V02 88.10 85.58 85.35
V03 15.50 51.53 49.78
C01 0.84 19.03 17.61
1All masses in units of 103 M⊙
Table 4. The total initially bound (eccentricity e < 1) mass
Mbnd,ini compared to the total bound mass at the end of the
simulations (0.25 Myrs) for the isothermal case Mbnd,iso and the
full cooling case Mbnd,cool. Only for initial conditions C01 and
V03 not all the mass (88.1 × 103 M⊙) is already bound to the
black hole initially. Due to accretion the bound mass is lower than
the initial value for the initial conditions that have all mass bound
to the black hole initially. This represents just the difference be-
tween initial total mass and final total accreted mass. For initial
conditions C01 and V03 there is a significant fraction of the initial
total mass that got bound to the black hole (20% - 40%) and a
part that is still unbound and escaping.
e2 = 1 +
2J2Emech
G2M2BHm
3
(8)
where J is the angular momentum of the SPH particle, MBH
the black hole mass, m the SPH particle mass and Emech
the total mechanical energy of the SPH particle (Emech =
Epotential + Ekinetic). Here eccentricity e = 0 corresponds
to a circular orbit, 0 < e < 1 to a elliptic orbit, e = 1 to
a parabolic or radial orbit and e > 1 to a hyperbolic orbit.
SPH particles with e < 1 are on bound orbits, SPH particles
with e > 1 are on unbound orbits and can escape the black
ID Isothermal1 Full cooling1 Compact disc1
I01 0.58 - 0.47
I02 0.76 0.76 0.67
V01 0.89 0.90 0.87
V02 0.87 0.88 0.81
V03 0.85 0.86 0.70
C01 0.72 0.75 0.37
1Mean of the ratio of angular momentum
|Jfinal|
|Jinitial|
Table 5. Ratio of the absolute value of angular momentum at the
final timestep to the absolute value of initial angular momentum,
averaged over all particles for the isothermal and the full cooling
case. Only particles which are present in the initial and the final
snapshot are compared. This neglects already accreted particles
(which make up 2-15% of the total initial particle number) since
they are no longer present in the final snapshot. Also shown is
the mean change in angular momentum for all particles inside
the compact disc, which we define as all material with a semi-
major axis smaller than 1pc. In this case the values for both the
isothermal and the full cooling simulations only differ after the
third decimal after the comma, hence we only show them for one
case.
hole potential. For SPH particles with e = 1 which are on
radial orbits, the SPH particle velocity must be compared
to the black hole escape velocity v2esc =
2GMBH
r
at SPH
particle radius r in order to determine if they are bound
to the black hole or if they can escape to infinity. Table 4
summarises the total bound mass for all initial conditions in
the full cooling and the isothermal cases.
We use initial condition V03 as an example here (cloud
velocity of 50 km/s and an impact parameter of 3 pc) since
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Figure 8. Comparison of the distribution of mass onto orbits of different eccentricity for all initial conditions using isothermal simulations
and adiabatic simulations with cooling. Particles with e > 1 are not bound to the black hole, indicated by the gray background. The black
line always shows the distribution resulting from the initial conditions. The red (solid) line shows the distribution for the isothermal
simulations and the blue (dotted) curve the distribution for the simulations with cooling. In general, the more realistic full cooling
simulations tend to form more circular discs compared to the isothermal case. Still the isothermal simulations already yield results
similar to the cooling case for most initial conditions.
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we used V03 for our numerical tests shown in the Appendix
where we performed a simulation with numerical viscosity
turned off and we need this special setup for comparison to
the standard simulations in this section. In Figure 7a we
show the distribution of mass onto orbits of different eccen-
tricity. The black (double-dotted) line shows what we expect
from initial condition V03. The red (solid) line shows the re-
sult of the isothermal simulation using initial condition V03
with artificial viscosity turned off. In this case (isothermal
and no artificial viscosity) there are no large pressure gradi-
ents during the simulation so that the change in mechanical
energy and eccentricity is small. Because of this the final dis-
tribution approximately reflects the initial conditions. Run-
ning the same simulation (isothermal and initial condition
V03) with artificial viscosity turned on leads to the distri-
bution shown by the blue (dotted) curve. Here it can clearly
be seen that more material is on bound (e<1), more circular
orbits than expected from the initial conditions.
Figure 7b shows the distribution of (bound) mass onto
orbits of different semi-major axes for initial condition V03
in the full cooling and isothermal case at the end of the sim-
ulations. Again this plot shows that at the end of the sim-
ulations we accumulate a significant amount of mass onto
orbits close to the black hole compared to the initial condi-
tion. Using the information from Figure 7a and 7b we can
calculate the degree to which the cancellation of angular mo-
mentum contributes to the formation of the compact disc.
We define the compact accretion disc to be all material with
a semi-major axis below 1pc. First we calculate the mean
change in angular momentum compared to the initial angu-
lar momentum for all particles present at the final timestep.
This is done by taking the ratio of the absolute value of the
final angular momentum to the absolute value of the initial
angular momentum for every particle from the last snap-
shot and averaging over those values. We ignore all particles
which have already been accreted (around 2%-15% of the to-
tal initial particle number) since they are no longer present
in the final snapshot. In general the mean change in angular
momentum is around 10%-30% of the initial angular mo-
mentum for all particles that have not been accreted. The
mean values for the individual simulations are listed in Ta-
ble 5. The small impact parameter simulations I01, I02 and
C01 lead to a larger change in final angular momentum com-
pared to the large impact parameter simulations V01, V02
and V03 because of the larger amount of material which can
collide with a small impact parameter.
Cancellation of angular momentum is only strong in
those parts of the cloud streaming around the black hole
from opposite sides. Since the impact parameter is not zero
the cancellation of angular momentum will not be 100% ef-
fective and there is always a part of the cloud which just
follows its initial orbit around the black hole without en-
countering material with opposite angular momentum. This
material can only change its mechanical energy. Since an-
gular momentum is conserved this gas can only move to
a larger radius. The only way to transport material below
the initial lower boundary of the semi-major axis (which is
roughly 2pc in Figure 7b) is the cancellation/redistribution
of angular momentum. To estimate the degree of cancel-
lation of angular momentum needed to form the compact
accretion disc we calculate the mean change in angular mo-
mentum for material which has a semi-major axis below 1pc
in the final snapshot. The results for all simulations are sum-
marised in the third column in Table 5. Compared to the
value for all particles the cancellation needed to form the
compact disc is always higher, as expected. In the extreme
case of C01 more than 60% of the initial angular momentum
needs to be cancelled in order to form the compact disc.
Figure 8 shows the distribution of mass onto orbits of
different eccentricity for all simulations in the isothermal and
cooling case compared to the expected distribution from the
initial conditions. As can be seen, the simulations with cool-
ing tend in general to have more gas mass on more circular
orbits compared to the isothermal case. Since the orbits be-
come more circular the smaller the distance from the black
hole gets, this corresponds to more mass closer to the black
hole. In the cooling case the discs are a lot more extended
in z-direction compared to the isothermal discs (this will be
discussed in detail in section 4.5) which basically just con-
sist of a single sheet of SPH particles in the xy-plane. Thus,
in the cooling case, material can move a lot easier in radial
direction compared to the isothermal case. In addition, in
the isothermal case the SPH particles get very close to the
softening length already at a moderate distance from the
black hole. This increases smoothing over the forces and also
prevents radial movement of particles. Still the isothermal
case already yields a useful approximation of the gas mass
distribution compared to the more realistic cooling case.
When calculating the initial orbits, we can also calcu-
late the minimum distance rmin for every SPH particle to
the black hole on its specific orbit. All SPH particles which
are initially on an orbit with a distance rmin smaller than
the accretion radius racc should be accreted. In Table 3 we
compare the accreted mass expected from this calculation
to the actual accreted mass during the whole simulation.
The simulations result in values that are a factor of 3-30
larger than naively expected from the initial orbits. Again
we see that radial movement is suppressed in the isother-
mal case, leading to lower values for the total accreted mass
Macc,iso at the end of all simulations compared to the full
cooling case. Ignoring the gas physics (taking the isothermal
simulation using V03 without artificial viscosity again) we
accreted almost exactly what we would expect from initial
conditions when comparing the 0.49 × 103 M⊙ accreted at
the end of the simulation to the 0.5 × 103 M⊙ expected just
from the initial conditions. Thus the results in table 3 sup-
port the claim of our model that we can efficiently dissipate
kinetic energy and redistribute angular momentum forcing
more gas onto lower, more circular orbits, often even below
the accretion radius.
4.4 Accretion
Accretion rates are calculated from material which falls be-
low our accretion radius of racc = 2 × 10
−2 pc. We note
that our simulations can lead to Super-Eddington accretion
rates with the prescription we are using, since there is no
black hole feedback regulating the accretion rate. However,
accretion in our case does not necessarily mean black hole
accretion since the formation of a small and hot black hole
accretion disc evolving viscously is beyond the resolution
limit and outside the scope of our current simulations. Nev-
ertheless, it is interesting to compare our accretion rates for
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Figure 9. The red (solid) and green (dashed) lines show the accretion rate in
M⊙
yr
(left y-axis) for the isothermal and cooling case.
The thin horizontal black line shows the Eddington limit of a 3.5 × 106 M⊙ black hole at 10% accretion efficiency. Also plotted is the
total accreted mass in blue (dotted) and black (dash-dotted) in M⊙ (right y-axis) again for the isothermal and full cooling cases. The
low impact parameter simulations can accrete at Super-Eddington rates since we do not include black hole feedback, whereas the high
impact parameter simulations stay below Eddington accretion at all times. In general the isothermal and cooling simulations show a very
similar accretion behaviour.
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all simulations to the Eddington rate of the black hole which
is shown in Figure 9.
The Eddington mass accretion rate is defined as M˙edd =
4πGMBHmp
ǫσT c
, with mp being the proton mass, ǫ the accretion
efficiency and σT the Thompson scattering cross-section.
From this we get an Eddington rate of M˙edd = 0.0775
M⊙
yr
using an accretion efficiency of 10% and a 3.5 × 106 M⊙
black hole as in the Milky Way GC.
Figure 9 shows that the isothermal and full cooling sim-
ulations differ only marginally in their accretion behaviour,
thus we will describe accretion independent of the used equa-
tion of state. Note that the y-axis is scaled differently for dif-
ferent simulations due to the large range of accretion rates
we get. At the end of all simulations we reach very low accre-
tion rates indicating that we have reached a nearly station-
ary state. The accretion rates of the large impact parameter
simulations using initial conditions V02 and V03 stay below
the Eddington rate at all times.
A comparison of the simulations with initial conditions
I01, I02 and V02 in Table 3 shows that the impact param-
eter plays the most important role in determining the final
accreted mass while the cloud velocity has a much smaller
effect (compare V01, V02 and V03). This is also confirmed
by comparing the simulations using initial condition C01,
which has the same initial specific angular momentum as
V03, to simulations using V03. Clearly the main factor de-
termining the final accreted mass is the impact parameter.
In all simulations we still have accretion at the end of the
runs, however at very low rates, thus the values shown in
Table 3 would only slightly increase if the simulations were
continued for a longer time.
4.5 Disc Structure
Finally, we study the structure of our discs in the z-direction
at the final timestep. For this we define our disc scale height
to be the position where the density in z-direction drops
to e−1 times the mid-plane density. We take the simulation
using initial condition V02 as an example since in this case
the disc aligns well in the xy-plane with the semi-major axis
along the x-axis as can be seen in Figure 10.
4.5.1 The Isothermal Case
For a standard thin accretion disc assuming hydrostatic
equilibrium in z-direction, where thermal pressure is bal-
anced by the z-component of the central force we can calcu-
late the disc scale height. The resulting disc scale height is
H = cs
(
r3xy
GM
)1/2
with rxy the SPH particle distance to the
black hole in the xy-plane and cs the SPH particle sound
speed. For our initial temperature of 50 K in the isothermal
case we get a scale height of 5×10−5 pc at the inner bound-
ary of 0.02 pc and a scale height of the order of the softening
length at 0.5 pc. Thus the accretion disc scale height gets
artificially blown up to our softening length of ǫ = 10−3
pc in the inner region. The disc scale height should be re-
solved to at least four times the softening length according
to Nelson (2006), thus we would need a softening length of
around 10−5 pc or preferably better at the inner boundary.
This is however not feasible with respect to the simu-
lation runtime. From this we can conclude that it is impor-
tant to include the detailed thermodynamical treatment of
the full cooling prescription in order to investigate the z-
structure of the accretion disc, which is more extended due
to the higher temperature and thus can be resolved using a
realistic value for the softening length.
4.5.2 The Full Cooling Case
Here we resolve the disc scale height to at least four times
the softening length at a radius of 0.1 pc and up to 40 times
the softening length at a radius of 1 pc. A test-simulation
using initial condition V03 and a softening length of ǫ = 10−4
(presented in the Appendix) resolving the disc scale height
to one order of magnitude more in softening length shows
no difference in the results compared to the larger softening
length of ǫ = 10−3 indicating that we reached convergence.
The green line in Figure 11a shows the disc scale height
resulting from our simulations for a y=0 pc slice along the
x-axis for the disc shown in Figure 10 in the full cooling
case. This is compared to what we would expect from as-
suming hydrostatic equilibrium in z-direction, shown by the
blue line in Figure 11a. The over-plotted structure shows the
absolute value of ∂φ
∂z
− 1
ρ
∂P
∂z
with φ the point-mass potential
of the black hole. Black indicates the minimum value (nor-
malised to the global minimum value). The colour gradient
from black to white spans two orders of magnitude in the
deviation from the global minimum deviation. We see that
the central part of the disc (pure-black in the plot) is close
to hydrostatic equilibrium with a good fit to the expected
theoretical value (blue line). The outer parts of the disc con-
sist of fresh material that just fell onto the disc and did not
yet settle into hydrostatic equilibrium.
This can be seen in Figure 11b, where the age of the gas
inside the disc is plotted. Red shows all gas which already
spent more than 45% of the total time inside the disc, green
all gas which spent 25% to 45% of the total time inside the
disc and blue shows all gas which spent 10% to 25% of the
total time inside the disc. Old (red) gas is concentrated more
in the disc mid-plane, whereas fresh (green/blue) gas builds
up the atmosphere of the disc, which is not yet in hydrostatic
equilibrium (comparing gas at fixed radius along the z-axis).
In addition Figure 11b also shows that the disc is growing
inside out since in general the material at larger radii is
younger. This hides the atmosphere described above in the
very inner parts of the disc where all gas is very old and in
the outer parts where all gas is very young. At around ±
0.75 pc on the x-axis the atmosphere around the older gas
that already settled into the disc-midplane can be seen the
best.
5 SUMMARY AND DISCUSSION
We have performed simulations of a gas cloud colliding with
a super-massive black hole, with parts of the cloud engulf-
ing the black hole during the process. We demonstrate that
even when the cloud is initially unbound to the black hole
due to a high velocity, sub parsec-scale gas discs can form.
Clearly, there are a lot of additional details that can be stud-
ied, which we will explore in a subsequent paper. Firstly, we
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Figure 10. Logarithmic density in units of
M⊙
pc3
in the xy-plane for z=0 pc at 0.25 Myrs for initial condition V02 with cooling. Velocity
vectors are all the same length and only indicate local direction. The semi-major axis of the final disc aligns well with the x-axis.
Figure 11. In (a) the green line shows the disc scale height resulting from our simulation for V02 in the full cooling case. The blue
line in (a) shows what is expected from theory for a hydrostatic equilibrium. The over-plotted structure in (a) shows the deviation of
the simulation from a hydrostatic equilibrium (∂φ
∂z
− 1
ρ
∂P
∂z
). Black indicates the lowest deviation, normalised to the global minimum
deviation. The colour gradient from black to white spans two orders of magnitude in the deviation from the global minimum deviation.
The pure-black part which is close to a hydrostatic equilibrium is in good agreement with the expectation from theory (blue line). Plot
(b) shows the time the gas spent inside the accretion disc. Red shows all gas which spent more than 45% of the total time inside the disc,
green all gas which spent 25% to 45% of the total time inside the disc and blue shows all gas which spent 10% to 25% of the total time
inside the disc. The old (red) gas settles into the disc mid-plane whereas the young (green/blue) gas builds up the atmosphere which is
not yet in hydrostatic equilibrium (comparing gas at fixed radius along the z-axis). We also see that the disc is growing inside out since
in general material at larger radii is younger. This hides the atmosphere described above in the very inner parts of the disc where all gas
is very old and in the outer parts where all gas is very young. At around ± 0.75 pc on the x-axis the atmosphere around the older gas
that already settled into the disc-midplane can be seen the best.
did not investigate fragmentation and star formation yet
which is necessary to directly compare the simulations with
the observations. Secondly, the potential of the stellar cusp
observed in the GC clearly influences SPH particle orbits
around the black hole. Finally, black hole and stellar feed-
back could also play an important role in the formation pro-
cess.
An adiabatic equation of state leads to an explosion
of the cloud during infall with thermal energies comparable
to supernova energies of 1051 erg. This prevents formation
of a compact accretion disc and leads to a large expanding
bubble of hot gas. For very inefficient cooling, this could be
an alternative interpretation for a hot bubble of gas seen
near a black hole like e.g. Sgr A East in our milky-way
GC, which has been attributed to a supernova explosion
(Herrnstein & Ho 2005).
The isothermal case produces already viable results for
the accretion behaviour and distribution of mass onto orbits
of different eccentricity compared to the full cooling case.
However, numerical and other problems especially with re-
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solving the disc in z-direction lead to the conclusion that
a full thermodynamical treatment is necessary. In addition,
the isothermal approach enhances fragmentation strongly.
Due to the low Jeans-mass at a temperature of 50 K a huge
number of low mass fragments forms. To study fragmenta-
tion in detail, again a full thermodynamical treatment will
be necessary.
The simulations using the full cooling prescription of
Stamatellos et al. (2007) represent the most realistic case.
Here we are not dominated by numerics and resolve the disc
scale height to multiple times the softening length due to
the higher temperatures resulting in a larger scale height.
In this case we do not artificially suppress radial movement,
leading to more circular orbits compared to the isothermal
case.
We find that the disc mid-plane consists of old (= al-
ready inside the disc for a long time) gas close to hydrostatic
equilibrium, surrounded by an atmosphere of young gas that
was just falling in and that did not yet settle into hydro-
static equilibrium. This explains the deviation of the disc
scale height we find in our simulations compared to what
we would expect from gas in hydrostatic equilibrium.
Generally we find that the impact parameter is the
dominant factor in determining the accretion rates, from
Sub-Eddington accretion rates for large impact parameters
to Super-Eddington accretion for small impact parameters.
Cloud velocity determines the final rotation of the resulting
discs semi-major axis with respect to the x-axis in the xy-
plane. Fast clouds (vcloud > 50 km/s) lead to discs that
are rotated towards the negative y-axis and slow clouds
(vcloud < 50 km/s) to discs that are rotated towards the
positive y-axis. Also cloud velocity strongly determines the
amount of gas bound to the black hole initially. Low veloc-
ities lead to more mass inside the final disc compared to
simulations with velocities such that nearly no SPH particle
is bound to the black hole initially.
The goal of this paper is to provide a proof of principle
of the idea of a cloud engulfing the black hole during passage.
With this mechanism we are able to produce parsec to sub-
parsec sized dense accretion discs even when the initial cloud
is unbound to the black hole.
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APPENDIX A: NUMERICAL STABILITY
In this section we present results of our numerical stabil-
ity test-simulations, for which we used isothermal and full
cooling simulations with initial condition V03.
A1 Artificial Viscosity
To study the dependence of our results on artificial viscosity
we performed a parameter-study in α of the artificial vis-
cosity presented in section 3 for the isothermal and the full
cooling case. The range of α suited for simulations is α = 0.5
- 1.0 (Springel 2005). We performed test simulations with α
= 0, 0.5 and 1.0. The simulations presented throughout the
paper used α= 0.75. Figure A1 and A2 show the dependence
of accretion rate and total accreted mass on the α parame-
ter in the isothermal and cooling case. As can be seen, the
results are stable as a function of α within the range suited
for simulations. The special case α = 0 leads to no transport
of material at all into the accretion boundary region, only
material which initially already was on an orbit smaller than
the accretion radius gets accreted here. As expected, a high
viscosity parameter leads to a somewhat higher transport of
material, however this artificially enhanced gas transport is
negligible compared to the physical processes described in
this paper.
Figure A3 shows the distribution of mass onto orbits
of different eccentricity for different values of the numerical
viscosity parameter α. As described in section 4.3 in the
isothermal case radial movement suppression gets larger the
closer we get to the black hole. This leads to the difference
especially at low eccentricities between the full cooling case
and the isothermal case. In the full cooling case different
values for the strength of the numerical viscosity lead to
a stronger effect on the final distribution compared to the
isothermal case, as material can move in radial direction
more easily. We do not expect the resulting distributions
to be exactly the same for the cooling case since clearly a
stronger viscous force should lead to more interaction of the
initial colliding flows of gas, transporting more material onto
lower, more circular orbits. However, we are not dominated
by this effect, as the outer parts, the total amount of gas and
the general shape are very similar for all cases. The choice
of α = 0.75 gives a good mean between the results of the
suggested range of 0.5 < α < 1.
A2 Resolution
To study the effect of resolution on our results we repeated
the isothermal simulation using V03 with SPH particle num-
ber increased to 5×106 SPH particles, compared to 106 SPH
particles for the normal runs. Figure A4 shows the resulting
accretion rates and total accreted mass. The high resolution
simulation shows slightly stronger accretion at the begin-
ning.
Figure A5 shows the distribution of mass onto orbits
of different eccentricity for the high and standard resolu-
tion isothermal simulation. Here the difference is very small
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Figure A1. The impact on accretion rate and total accreted mass as a function of the numerical viscosity α parameter for the isothermal
case. To visualise the differences better, the plots are shown only from 0 to 0.15 Myrs. Red (solid) shows the results for α = 0.5, green
(dashed) shows the results for α = 0.75 and blue (dotted) the results for α = 1.0. The black line (dashed-dotted) shows the special case
α = 0, which turns off the interaction of gas so that only material which initially already was on an orbit smaller than the accretion
radius gets accreted. As expected with higher viscosity the gas interacts stronger and thus more material falls onto the black hole, but
the results are not strongly dominated by the actual choice of the viscosity parameter. The thin black horizontal line in the accretion
plot again shows the Eddington limit for the GC black hole.
Figure A2. Same plot as A1, but for the cooling case.
with the high resolution simulation leading to slightly more
circular orbits compared to the lower resolution case.
A3 Softening Length
Finally, we studied the dependence of our results on the
softening length. For this we repeated the full cooling
and isothermal simulation using V03 with softening length
ǫ = 10−4 pc (compared to our standard simulations with
ǫ = 10−3 pc) making it very expensive in terms of comput-
ing time. Figure A6 shows the resulting accretion rates and
total accreted mass and Figure A7 the distribution of mass
onto orbits of different eccentricity. It can be clearly seen
that the difference in both cases is almost completely negli-
gible. In the isothermal case we still do not resolve the disc
scale height to even one time the softening length, so that
we expect the influence of an order of magnitude smaller
softening length to have no real impact. In the cooling case
we already resolve the disc scale height to multiple times
the softening length for our standard value of ǫ = 10−3,
thus the stability of our results in this case indicates that
we have reached convergence.
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Figure A3. Comparison of the distribution of mass onto orbits of different eccentricity depending on numerical viscosity α for the
isothermal and cooling case. SPH particles with e > 1 are not bound to the black hole, indicated by the gray background. In the
isothermal case the suppression of radial movement as described in section 4.3 leads to a similar behaviour for all values of the α
parameter. In the full cooling case we expect a larger difference in the results due to stronger interaction of the initial colliding flows of
gas with a larger α parameter and the relative ease of radial movement because of the higher disc scale-height. The choice of α = 0.75
gives a good mean between the results of the suggested range of 0.5 < α < 1.
Figure A4. Impact on accretion rate and total accreted mass as a function of simulation resolution in the isothermal case. Red (solid)
shows the results for 106 SPH particles, blue (dotted) the results for 5×106 SPH particles. To visualise the differences better, the plots
are shown again only from 0 to 0.15 Myrs. The high resolution simulation shows somewhat larger accretion rates during the impact.
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Figure A5. Comparison of the distribution of mass onto orbits of different eccentricity for our standard resolution and a high-resolution
test. The difference is very small, with the high resolution simulation leading to a bit more circular orbits compared to the lower resolution
case. SPH particles with e > 1 are not bound to the black hole, indicated by the grey background.
Figure A6. Accretion rate and total accreted mass as a function of softening length. Red (solid) shows the results for ǫ = 10−3 pc,
blue (dotted) the results for ǫ = 10−4 pc. To visualise the differences better the plots are shown only from 0 to 0.15 Myrs. The difference
is almost completely negligible.
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Figure A7. Comparison of the distribution of mass onto orbits of different eccentricity depending on softening length. Again the
difference is almost completely negligible. SPH particles with e > 1 are not bound to the black hole, indicated by the grey background.
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